urokinase-type PA (uPA). The inhibition of the system may occur through the neutralization of the plasminogen activators or plasmin, and this neutralization is achieved mainly by the plasminogen activator inhibitor-1 (PAI-1) or ␣2-antiplasmin (␣2AP), respectively. PAI-1, the primary endogenous inhibitor of tPA or uPA, plays an important role in inhibiting arterial clot lysis (1) . ␣2AP rapidly inactivates plasmin, resulting in the formation of a stable inactive complex, plasmin-␣2AP (2) . Apart from the removal of fibrin, the fibrinolytic system also plays a pivotal role in such phenomena as embryogenesis, proliferation, migration, wound healing, fibrosis, and tumorigenesis (3) (4) (5) (6) (7) (8) (9) .
It is suggested that fibrinolytic factors such as tPA, uPA, uPA receptor, and PAI-1 are involved in bone metabolism as follows. The absence of tPA and uPA enhanced OB differentiation and formation of a mineralized bone matrix and increased bone formation and bone mass (10) . The absence of PAI-1 protects against trabecular bone loss induced by estrogen deficiency, suggesting a site-specific role for PAI-1 in bone turnover (11) . In addition, uPA receptor-lacking mice displayed increased bone mineral density (BMD), increased osteogenic potential of OBs, decreased OC formation, and cytoskeletal reorganization in mature OCs (12) . However, the physiological roles of fibrinolytic main regulators such as Plg/plasmin in bone metabolism are not precisely understood.
The receptor activator of NF-B (RANK), its ligand RANKL, and OPG control OC function (13, 14) . RANK activated by RANKL has proven to be absolutely required for OC development (15) . RANKL is neutralized by OPG that specifically binds to RANKL. OPG is expressed in many tissues apart from OBs, including heart, kidney, liver, spleen, and bone marrow (13) . However, molecular mechanisms of OPG expression remain to be elucidated. We herein report the crucial role of fibrinolytic main regulators Plg/plasmin in bone metabolism especially on the point of view of how the regulators affect the ability of preOCs in bone marrow to differentiate into OCs, OBs to induce OC differentiation, and OBs to mineralize extracellular matrix. 
MATERIALS AND METHODS
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
Animals-The Plg-deficient (Plg Ϫ/Ϫ ) mice (16) were kindly provided by Prof. D. Collen (University of Leuven, Belgium).
Wild type (WT) and Plg Ϫ/Ϫ mice littermates were housed in groups of two to five in filter-top cages with a fixed 12-h light, 12-h dark cycle. The body weights of mice were measured weekly.
Reagents-Plasmin, aprotinin, ␣2AP, ⑀-aminocaproic acid, and other chemical substances were obtained from Sigma.
Cell Culture-Bone marrow cells, RAW264.7 mouse monocyte/macrophage lineage cells (American Type Culture Collection), and primary OBs were maintained in ␣-minimal essential medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT) and 1% penicillin/streptomycin (Invitrogen) at 37°C in a humidified atmosphere of 5% CO 2 , 95% air. Primary OBs derived from mice calvaria were obtained as described previously (17) .
OC Differentiation Assay-Bone marrow-derived cells that include a population of pre-OCs were obtained from tibia of 5-7-week-old adult mice. Mouse bone marrow cells were cultured for 3 days with RANKL (100 ng/ml) and M-CSF (100 ng/ml) in 48-well plates. In other experiments, RAW264.7 cells were co-cultured with OBs from the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice for 3 days in the absence or presence of interleukin-1␤ (IL-1␤) (5 ng/ml) or prostaglandin E 2 (PGE 2 ) (1 M) in 48-well plates. Cells were then fixed and stained for tartrate-resistant acid phosphatase (TRAP; a marker enzyme of OCs) as described previously (17) . TRAP-positive multinucleated cells containing three or more nuclei were counted as OCs, under microscopic examination.
Bone Resorption Assay-To estimate bone resorption activity of differentiated OCs from bone marrow cells of the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice, the cells were stimulated with RANKL (100 ng/ml) and M-CSF (100 ng/ml) for 7 days on the BioCoat TM Osteologic TM multiple test slides, which consisted of submicron synthetic calcium phosphate thin film coated onto various culture vessels (BD Biosciences). The nonresorbed area of calcium phosphate film was then visualized by using a method of von Kossa staining, as follows. After fixation of the cells in the culture with 5% glutaraldehyde, the calcium phosphate film was treated with 5% silver nitrate for 30 min. Then the staining was developed with 5% sodium carbonate in 25% formalin. The stained film in each well was photographed under light microscopy, and then the image was inverted to yield the negative image; the black image represents the resorbed area in the calcium phosphate film.
Bone Histology-Bone histomorphometry of tibia in 5-weekold male Plg ϩ/ϩ and Plg Ϫ/Ϫ mice was performed. Each tibia was removed and fixed in 4% paraformaldehyde for 2 days and then demineralized with 10% EDTA for 14 days before embedding in paraffin. Paraffin-embedded tissue was serially sectioned at a distance of 4 -7 m. Then the sections were stained with hematoxylin and eosin (H&E) and TRAP by using a TRAP kit (Sigma). For the quantitative evaluation of the intensity of TRAP staining of bone marrow tissue in decalcified sections of tibia from the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice, the TRAP-stained images obtained from separate fields on the specimens (n ϭ 6) were analyzed by using ImageJ.
Measurement of Bone Mineral Density-BMD was measured as described by Kanazawa et al. (18) and Nishiwaki et al. (19) . BMD of the proximal tibia of the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice at the indicated time was evaluated by using peripheral quantitative computed tomography with a fixed x-ray fan beam of 50-m spot size, at 1 mA and 50 kV (LaTheta LCT-100S; Aloka, Tokyo, Japan).
RNA Isolation and Quantitative RT-PCR-Total RNA was extracted as described previously (6) . First strand cDNA was synthesized from total RNA by using the PrimeScript RT reagent kit (Takara). Quantitative RT-PCR (qRT-PCR) was performed on the IQ5 real time PCR detection system (Bio-Rad) with SYBR Green technology on cDNA generated from the reverse transcription of purified RNA. The two-step PCRs were performed at 92°C for 1 s and 60°C for 10 s. OPG mRNA expression was normalized against GAPDH mRNA expression using the comparative cycle threshold method. We used the following primer sequence: OPG, 5Ј-CAATGGCTGGCTTG-GTTTCATAG-3Ј and 5Ј-CTGAACCAGACATGACAGCT-GGA-3Ј; GAPDH, 5Ј-TGTGTCCGTCGTGGATCTGA-3Ј and 5Ј-TTGCTGTTGAAGTCGCAGGAG-3Ј.
Western Blot Analysis-We performed a Western blot analysis for detection of OPG, phospho-ERK1/2, phospho-p38 MAPK, ERK1/2, and p38 MAPK as described previously (20) . We detected OPG, phospho-ERK1/2, phospho-p38 MAPK, ERK1/2, and p38 MAPK by incubation with a polyclonal OPG antibody (rabbit IgG, from GeneTex Inc.), anti-phospho-ERK1/2 antibody (Cell Signaling Technology, Danvers, MA), anti-phospho-p38 MAPK antibody (Cell Signaling Technology, Danvers, MA), anti-ERK1/2 antibody (Cell Signaling Technology, Danvers, MA), and anti-p38 MAPK antibody (Cell Signaling Technology, Danvers, MA).
Measurement of Alkaline Phosphatase Activity-We measured alkaline phosphatase (ALP) activity as described previously (20) . Primarily cultured OBs were cultured for 14 day with differentiation media (media supplemented with 10 mM ␤-glycerophosphate and 10 nM dexamethasone and 50 g/ml ascorbic acid) in 6-well plates. After 14 days, cells were then washed, and proteins in cells were extracted with a lysis buffer (10 mM TrisHCl, pH 7.5, 0.1% Triton X-100). ALP activity was determined using p-nitrophenyl phosphate (Sigma) as a substrate.
Statistical Analysis-All data are expressed as mean Ϯ S.E. The significance of the effect of each treatment (p Ͻ 0.05) was determined by analysis of variance followed by the Student's Newman-Keuls test.
RESULTS

Histological and Radiological Evaluation of the Status of Endochondral Ossification in Plg-deficient Mice-The BMDs in the Plg
ϩ/ϩ and Plg Ϫ/Ϫ mice at 4 -20 weeks were radiologically assessed using peripheral quantitative computed tomography. Intriguingly, the trabecular BMD in tibia from the Plg Ϫ/Ϫ mice was significantly lower than that from the Plg ϩ/ϩ mice at 4 -6 weeks after birth (Fig. 1A) . In addition, the cortical BMD in tibia from the Plg Ϫ/Ϫ mice was significantly lower than that from the Plg ϩ/ϩ mice at 4 -18 weeks after birth (Fig. 1B) . The decrease of cortical BMD seemed to parallel that of the body weight decrease in the Plg Ϫ/Ϫ mice at 4 -18 weeks after birth (Fig. 1, B  and C) . Next, the status of endochondral ossification in tibia from the Plg ϩ/ϩ and Plg Ϫ/Ϫ was histologically compared to clarify the effect of the fibrinolytic system in bone metabolism. As shown in Fig. 1D , H&E staining of a decalcified section of tibia from the 5-week-old mice showed that the layer of chondrocytes and trabecular bone formation in the medullary cavities were observed in both Plg ϩ/ϩ and Plg Ϫ/Ϫ mice. The TRAP staining of the decalcified section of the tibias from the 5-weekold mice revealed that the area of TRAP-positive bone marrow tissue in the tibias from the Plg Ϫ/Ϫ mice was significantly larger than that of the tissue from the Plg ϩ/ϩ mice (Fig. 1E) . In addition, the intensity of the TRAP staining on the decalcified sec-FIGURE 1. Bone histomorphometry and bone mineral density in Plg-deficient mice. A, trabecular BMD in the proximal tibia of male Plg ϩ/ϩ and Plg Ϫ/Ϫ mice was obtained from pQCT measurement (n ϭ 13). B, cortical BMD in the proximal tibia of the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice was obtained from pQCT measurement (n ϭ 13). C, growth curves of the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice (n ϭ 13). D and E, bone histomorphometry of tibia in 5-week-old male Plg ϩ/ϩ and Plg Ϫ/Ϫ mice (D, H&E; E, TRAP). D, layer of chondrocytes and trabecular bone formation in the medullary cavities were observed in both Plg ϩ/ϩ and Plg Ϫ/Ϫ mice. E, TRAP-positive area in the bone marrow tissue of the tibias from Plg Ϫ/Ϫ mice was much larger than that in the tissue specimens obtained from Plg ϩ/ϩ mice. F, intensity of TRAP staining on the decalcified sections of bone marrow tissue in the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice was quantitatively evaluated as described under "Materials and Methods" (n ϭ 6). The intensity of TRAP staining on the sections from the Plg Ϫ/Ϫ mice was much stronger than that of sections from Plg ϩ/ϩ mice. The data represent the mean Ϯ S.E. *, p Ͻ 0.01; #, p Ͻ 0.05. tions of bone marrow tissue in the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice was quantitatively evaluated as described under "Materials and Methods." As shown in Fig. 1F , the intensity of TRAP staining on decalcified sections of bone marrow tissue in tibias from the Plg Ϫ/Ϫ mice was much stronger than in those from the Plg ϩ/ϩ mice.
Effect of the Plg Deficiency on the Osteoclastogenesis of Bone Marrow-derived Cells-
We evaluated how the fibronolytic system affects OC differentiation and function. The pre-OC population in bone marrow-derived cells from the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice were evaluated after stimulation with RANKL and M-CSF, respectively. As shown in Fig. 2A , many TRAP-positive multinucleated OCs were observed in bone marrow cell cultures derived from the Plg Ϫ/Ϫ mice tibia. Therefore, an up-regulation of the TRAP-positive cell number in the Plg Ϫ/Ϫ micederived bone marrow cells was observed (Fig. 2B) . In addition, the bone resorption activity of OCs differentiated from bone marrow-derived cells was compared in the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice. There was an up-regulation of the bone resorption activity of Plg Ϫ/Ϫ mice-derived bone marrow cells (Fig. 2C) . Intriguingly, plasmin significantly inhibited the M-CSF-and RANKL-induced OC differentiation of bone marrow cells derived from the Plg Ϫ/Ϫ and Plg ϩ/ϩ mice (Fig. 2D) . Plasmin Induced the OPG Expression in OBs-To clarify how plasmin suppresses osteoclastogenesis in vivo, we examined whether plasmin up-regulates the expression of OPG in OBs from the WT mice in vitro by qRT-PCR and a Western blot analysis. Plasmin clearly induced OPG expression in OBs from the WT mice (Fig. 3, A and B) . In addition, the effect of various plasmin inhibitors (␣2AP; serine protease inhibitor, aprotinin; lysine analog, ⑀-aminocaproic acid) on plasmininduced OPG expression was investigated. These plasmin inhibitors clearly abrogated the plasmin-induced OPG expression (Fig. 3, C and D) .
In addition, we examined the plasmin-stimulated phosphorylation of ERK1/2 and p38 MAPK to determine whether plasmin activates ERK1/2 and p38 MAPK in OBs. Plasmin activated ERK1/2 and p38 MAPK in OBs (Fig. 3E) . We also examined whether the ERK1/2 and p38 MAPK pathways are associated with the plasmin-induced expression of OPG in OBs by using the inhibitor of MEK and p38 MAPK (PD98059 and SB203580). PD98059 and SB203580 attenuated plasmin-induced expression of OPG in OBs (Fig. 3F) . These data suggest that plasmin induces OPG expression through the ERK1/2 and p38 MAPK pathways.
Moreover, qRT-PCR and a Western blot analysis revealed that the expression of OPG was suppressed in OBs from the Plg Ϫ/Ϫ mice (Fig. 3, G and H) , thus suggesting that the absence of plasmin may result in the acceleration of osteoclastogenesis of pre-OCs in accordance with the depletion of OPG synthesis in OBs. There was no difference in the status of RANKL mRNA expression in OBs from the Plg ϩ/ϩ and Plg Ϫ/Ϫ mice (data not shown). Moreover, plasmin induced OPG expression in Plg Ϫ/Ϫ OBs (Fig. 3, I and J OBs lacking OPG expression was significantly higher than that co-cultured with Plg ϩ/ϩ OBs with or without IL-1␤ or PGE 2 . In addition, the number of TRAP-positive multinucleated cells co-cultured with Plg Ϫ/Ϫ OBs was decreased by plasmin (Fig. 4B) .
Effect of Plg Deficiency on the ALP Activity in OBs-The ALP activity in Plg Ϫ/Ϫ OBs was compared with Plg ϩ/ϩ OBs under stimulation with OB differentiation media as described under "Materials and Methods." The absence of Plg did not affect the ALP activity in undifferentiated and differentiated OBs (Fig. 5) .
Rescue of the Down-regulated BMD in Plg-deficient Mice by the Injection of Plasmin-To clarify the effect of exogenous plasmin on bone formation in vivo, we evaluated the status of the BMD in the Plg Ϫ/Ϫ mice with or without plasmin injection. The plasmin injection clearly increased the trabecular BMD in the Plg Ϫ/Ϫ mice (Fig. 6A) . However, the plasmin injection did not affect the cortical BMD and the weight in the Plg Ϫ/Ϫ mice (Fig. 6, B and C) .
DISCUSSION
Fibrinolytic factors have been suggested to play an important role in bone metabolism. PAs and PAI-1 are involved in bone resorption by OCs (22, 23) . However, the role of Plg/plasmin in bone metabolism was not precisely understood. This study showed that Plg/plasmin plays an important role in bone metabolism by regulating the function of both OBs and OCs. The trabecular BMD in the tibias from the Plg Ϫ/Ϫ mice was significantly lower than that from the Plg ϩ/ϩ mice at 4 -6 weeks after birth (Fig. 1A) . In contrast, the cortical BMD in the tibias from the Plg Ϫ/Ϫ mice was significantly lower than that from the Plg ϩ/ϩ mice at 4 -18 weeks after birth (Fig. 1B) . Therefore, the decrease in the trabecular BMD in Plg Ϫ/Ϫ mice seemed to be transient; however, the decrease in the cortical BMD in the mice was consistently observed from the juvenile growth period to adulthood. In addition, TRAP staining of decalcified sections of tibias from the 5-we-old mice revealed that the intensity of TRAP staining of bone marrow tissue in the tibias from the Plg Ϫ/Ϫ mice was significantly stronger than that from the Plg ϩ/ϩ mice (Fig. 1, E and F) . Thus, the histoenzymatic assessment indicated that the OC differentiation in bone marrow tissue of the Plg Ϫ/Ϫ mice might be more vigorously induced than that in the Plg ϩ/ϩ mice. The binding of RANKL to its receptor RANK triggers intricate and distinct signaling cascades that control lineage commitment and osteoclast activation (13) . OPG inhibits osteoclast formation and bone resorption by blocking RANKL/RANK interactions (14) . This study showed that plasmin increased the OPG expression in WT OBs (Fig. 3, A-D) . Moreover, the expression level of OPG was decreased in Plg Ϫ/Ϫ OBs compared with Plg ϩ/ϩ OBs (Fig. 3, G and H) , suggesting that absence of plasmin may result in an acceleration of OB-mediated osteoclastogenesis of pre-OCs in accordance with the depletion of OPG expression in OBs. In fact, the number of TRAP-positive multinucleated RAW264.7 cells co-cultured with Plg Ϫ/Ϫ OBs was significantly higher than that of the cells co-cultured with Plg ϩ/ϩ OBs (Fig. 4A) . Intriguingly, plasmin significantly inhibited the M-CSF-and RANKL-induced OC differentiation of bone marrow cells derived from the Plg ϩ/ϩ and Plg Ϫ/Ϫ (Fig. 2D) , suggesting that plasmin might attenuate osteoclastogenesis by its direct effects on pre-OCs. In addition, there was a larger population of pre-OCs in bone marrow-derived cells from the Plg Ϫ/Ϫ mice in comparison with the Plg ϩ/ϩ mice (Fig. 2, A-C) . The level of ALP activity in Plg Ϫ/Ϫ OBs was similar to that in Plg ϩ/ϩ OBs (Fig. 5) , thus suggesting that the bone-mineralizing activity of OBs in the Plg Ϫ/Ϫ mice might be comparable with that in the Plg ϩ/ϩ mice. Consequently, the Plg Ϫ/Ϫ mice display decreased bone mineral density in accordance with the enhanced ability of OBs to induce osteoclastogenesis of pre-OCs, the loss of the direct and suppressive effect of plasmin on pre-OCs differentiating into mature OCs, and the increased pre-OC population in bone marrow cells. In fact, the injection of plasmin into the Plg Ϫ/Ϫ mice clearly rescued the diminished trabecular BMD during the juvenile growth period (Fig. 6) . Plasmin activates a latent transforming growth factor ␤ (TGF-␤) (24, 25) trapped in extracellular matrix to induce an OPG expression in extracellular matrix-harbored OBs. The accelerated expression of OPG on OBs might result in the suppression of the OB-mediated osteoclastogenesis. It is under investigation by us whether deficiency of activated TGF-␤ causes decreased bone mineral density and decreased body weight in Plg Ϫ/Ϫ mice. However, plasmin directly activates various intracellular signaling through annexin A2 in macrophage (26) . Plasmin activates macrophages via the annexin A2 heterotetramer composed of annexin A2 and S100A10 with subsequent stimulation of Janus kinase JAK1/TYK2 signaling. JAK1/ TYK2 leads to STAT3 activation, Akt-dependent nuclear factor-B (NF-B) activation, and phosphorylation of ERK1/2 and p38 MAPK. Furthermore, inhibitors of JAK, p38 MAPK, and NF-B revealed that these signaling pathways are indispensable for the plasmin-mediated tumor necrosis factor-␣ and IL-6 induction in the cells. In addition, angiostatin, a fragment of plasmin(ogen), is a ligand and an antagonist for integrin ␣9␤1 (27) . Angiostatin, representing the kringle domains of plasmin, alone did not induce the migration of Chinese hamster ovary (CHO) cells, but simultaneous activation of the G protein-coupled protease-activated receptor-1 with an agonist peptide induced the migration on angiostatin. These facts suggest that plasmin directly stimulates various cell lineages without an indirect cell stimulation through an activation of some growth factors such as TGF-␤. We showed that plasmin activated ERK1/2 and p38 MAPK, and the inhibition of ERK1/2 and p38 MAPK attenuated plasmin-induced OPG expression (Fig.  3, E and F) . In addition, plasmin activated JNK, but the inhibition of JNK did not attenuate plasmin-induced OPG expression (data not shown). These data suggest that plasmin induces OPG expression through the ERK1/2 and p38 MAPK pathways. However, the time lag between the activation of p38 MAPK and ERK1/2 after plasmin stimulation in OBs might depend on the hierarchy of ERK1/2 and p38 MAPK in the plasmin-induced signal transduction. The ERK1/2 might be the downstream target of p38 MAPK directly activated by plasmin in OBs. Further investigations would be required to clarify the details.
These results strongly suggest that the plasmin activity regulates both OB and OC functions and then plays an important role in bone metabolism. These findings may provide new insights into the development of clinical therapies for the prevention of bone loss-related disorders.
